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1. INTRODUCTION

This report summarizes research supported at Oceanweather Inc. and carried out nominally over a

two-year period beginning in early 1999 and comprising a collaborative effort involving research

teams at three institutions: Dr. Vincent J. Cardone and co-investigator Andrew T. Cox from

Oceanweather Inc., Dr. W. Linwood Jones and co-investigators at the University of Central Florida

(UCF), and Dr. Willard J. Pierson and co-investigators at the City College of City University of New

York (CUNY). The research addresses two general problems: (1) the demonstration and improvement

of scatterometer surface wind retrievals in tropical cyclones; (2) diagnosis of tropical cyclone

planetary boundary layer (PBL) wind fields using a combination of high resolution NASA

Scatterometer (NSCAT and its successor QuickScat) retrievals and a primitive equation vortex PBL

numerical model. This research addresses the objectives of the US Weather Research Program

(USWRP) related to improving hurricane forecasts near landfall including nowcasting storm intensity

and tendency and prediction of hazards such as extreme winds and storm surge in coastal areas. The

ultimate goal is to provide operational facilities, such as the NOAA Tropical Prediction Center, with

improved methods for analyzing hurricanes and forecasting their movement and impact.

This report focuses on the contributions of Oceanweather Inc. to the collaborative program. Later

this year an integrated team report will be submitted upon the termination of the part of program

supported at CUNY.

The specific problems that must be solved to achieve the long-range goal may be stated as follows.

1. Demonstrate that high-resolution scatterometer measurements over tropical storms and other high-

marine surface wind regimes when processed through an appropriate geophysical model function

possess sufficient accuracy and dynamic range to be useful indicators of cyclone intensity and surface

wind structure.

2. Develop a method which utilizes the high resolution scatterometer (from NSCAT and is successor
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QuickScat)dataacquiredin asinglepassoveratropicalcyclone(TC) in aconsistentwayto diagnose

basicstormintensityandsizein termsof parametersroutinelyusedby warningcentersincluding

maximumsustainedsurfacewind,Vmx,andthe radii of 35and50knotssustainedwinds,R35and

R50.

3. Utilize scatterometer data acquired in a succession of passes over a TC in a consistent way to

specify the complete time and space evolution of the surface wind field over the sea suitable to drive

ocean response and wind damage loss models thereby improving predictions of hazards to life and

property from extreme winds, storm surge and coastal surf.

These objectives have been substantially demonstrated in the research completed to date as

summarized in the next sections and documented in detail in publications and presentations supported

by this program and additional papers in preparation. In addition, an important first step has been

taken to implement the results of this research operationally by integrating the analysis methods

developed in this study into a major team program initiated in 1999 under the Navy Ocean

Partnership Program (NOPP) organized by Prof. H. C. Graber at the University of Miami. This

NOPP program is entitled: "Real Time Forecasting of Winds, Waves, and Surges in Tropical

Cyclone". The program includes the endorsement and participation of the NOAA Tropical Prediction

Center and the NOAA/AOML Hurricane Research Division. Oceanweather Inc. are a critical

member of the NOPP and are primarily responsible for developing the module to be used for

operational analysis and prediction of the tropical cyclone wind fields. The early results of this

program (a four-year NOPP program is planned) are to be reported in a paper in preparation for the

AMS Annual Meeting, January 2001 (Abstract attached as Appendix D). Finally, we should note that

the success of the early results of our research has evidently stimulated significant interest in the

scientific community on the utilization of scatterometer data to study tropical cyclones.



2. DEVELOPMENT AND TESTING OF A NEW SCATTEROMETER GEOPHYSICAL

MODEL FUNCTION AND WIND RETRIEVAL METHOD

2.1 Analysis of NSCAT in Typhoon Violet.

The model function development work was carried out mainly by Professor Jones and his colleagues

after it was found that the NSCAT Project Baseline geophysical model function, NSCAT1, yielded

wind speeds in tropical cyclones which were too low. As part of an early test of the new function

Oceanweather developed a wind field for typhoon Violet in three NSCAT passes to develop the

comparison database for the NSCAT evaluations. The wind fields utilized all conventional data

available for those cases and its PBL vortex model. The new model function was developed from

aircraft scatterometer data in a tropical cyclone and other supplementary data that indicated that the

backscatter values measured in a tropical cyclone are much lower for a given wind speed and

direction than the backscatter values were used in NSCAT-1. The new model function, called a

neural net geophysical model function, was found to yield improved wind speeds in Typhoon Violet

when applied with a Spatial Adaptive Retrieval Algorithm (SARA) which uses a-priori wind

directions derived from Oceanweather's PBL model analysis, and a goodness of fit algorithm to filter

out possible rain contaminated cells. SARA allows each individual backscatter value to be used to

retrieve a wind speed.

The analysis of the validation wind field in Typhoon Violet and the SARA algorithm evaluation is

documented in the following paper which appeared in the Journal of Geophysical Research special

issue:

Jones, W.L., V. J. Cardone, W.J. Pierson, J. Zec, L.P.Rice, A.T. Cox, W.B. Sylvester, 1999:

NSCAT High Resolution Surface Winds Measurements in Typhoon Violet. J. Geophys. Res.,

NSCAT Special Issue, 104,C5, 11247-11259.

This paper presented the analysis of NSCAT data in Revs. 478 and 485 which sampled much of the

3



circulationof WesternNorth PacificTyphoonViolet, a tropicalcyclonethatearlierhadattained

super-typhoonintensitybut thatat thetimeof theserevswasof lower intensitywith maximum

sustainedwind speedsof 90knots. In theabsenceof aircraftreconnaissancedata,theanalysisof the

surfacewind "groundtruth" reliedonconventionaldataandthePBL model. Theonly useof

NSCAT datain thesurfacewind analysiswasa slightrepositioningof theeyebasedonanalysisof

NSCAT sigma-0profilesalongconstantincidentanglesby theCUNY groupandresearchcarriedout

by MladenSusanjof theUCFteamasdescribedin moredetail in theUCF reporton thisproject.

TheNSCAT datacomparedin Violet benefitedfrom threenewanalysisfeatures.First, the

geophysicalmodelfunction(calledNMGMF at thetime) wasrefittedandimprovedoverthestandard

NSCAT-1 functionby usingbackscattermeasurementsandcoincidentaircraftmeasurementsof wind

in hurricanesreducedto thesurfaceusingempiricalflight-level 10m reductionfactors(Donnellyet

al., 1998). Accordingto thenew function,thesigma-0backscattervaluesarelower thanNSCAT-1

for wind speedsgreaterthanabout25m/sbut they increasevery slowly with increasingwind speed

evento wind speedsup to 40 rn/s.

Thesecondnovelanalysisfeatureis the SpatialAdaptiveRetrievalAlgorithm (SARA). Whereasthe

normalNSCATprocessingproduceswind vectorslocatedon50km centersfrom groupsof NSCAT

cells,SARA recoverswind vectorsatthe intrinsic resolutionof eachsigma-0cell, namely8km x 35

km cellssampledon25km centersalongthesatellitetrack. Thewind directionaliasremovalstepis

avertedbecausethefield of vectorwind directionis tightly constrainedabouta tropicalcycloneand

maybespecifiedfrom afirst guessPBL modelsolutionassolvedfrom conventionaldataonly.

Thethird featurewastheapplicationof a "goodnessof fit" algorithmto flag retrievalsprobably

contaminatedby heavyrain. Basically,thisalgorithmexaminestheanisotropyof four nearest

neighborsof sigma-0to determinewhetheroneor moreof themeasurementsareinconsistentwithin a

25km groupingbecauseof rain. This algorithmis describedby Joneset al. (1999). Theapplication

of this algorithmto Violet indicatedthatevencloseto themaininnercoreof thecirculationthereare

cellssuccessfullyretrievedbecausethebeamis ableto penetrateto thesurfacein areasof relatively



light rain or cloudsbetweenthespiralrain bands.

Figures1showstheretrievedwind field plotsandFigure2 showsscatterplot comparisonsof

retrievedandanalyzedsurfacewinds in thetwo Violet revswith thebestcoverageof NSCAT data.

Thefield plots indicatethattheSARA algorithmprovidessignificantimprovementin spatial

samplingoverthestandardNSCATprocessingover thehighwind areasnearthecenter.Thescatter

plotsshowthat at leastqualitatively,thePBLmodelwindsarein goodagreementwith thenew

NSCAT retrievalswith windsrecoveredwith little biasupto wind speedsto 35m/salthoughthe

NSCATwind speedsstill slightlyunderestimatethemodelwindsaboveabout30m/s. Theseplots

referto wind speedsasthe "average"windat 10meters. Operationalwarningcentersclassify

tropicalcyclonesin termsof "sustained"wind speeds,which areabout25% greaterthantheaverage

wind speed.Ourstudyof NSCAT in Violet demonstrates,therefore,thatthe"sustained"windsup to

perhaps45m/sor about90knotsmaybesensedevencloseto thecenter.

2.2 Analysis of Hurricane Lili

The analysis of the PBL wind field in Typhoon Violet for the selected passes in October, 1996 could

not benefit from the best in-situ wind data, namely reconnaissance aircraft data, because since 1986

there has been no aircraft reconnaissance of North Pacific Ocean tropical cyclones. During the

formulation of this project in the Spring of 1997, it was expected that NSCAT would acquire data in

several North Atlantic hurricanes during the 1997 season coincident with aircraft data. However, the

early demise of NSCAT on June 30, 1997 precluded this prospect. Therefore, a thorough search was

made for potentially useful NSCAT data acquired over tropical cyclones during its lifetime.

Oceanweather carried out this search using all available meteorological data and the outputs of

various waming centers while UCF scanned the NSCAT data set. We were pleasantly surprised

during this search to find a number of potentially interesting cases in the North Atlantic Ocean,

including Gulf of Mexico and Caribbean Sea, including Tropical Cyclone Josephine, October 4-9,

1996 and Hurricane Lili, October 15-21, 1996. Because Tropical Cyclone Josephine exhibited
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properties of extratropical structure, Hurricane Lili was selected for further analysis.

Hurricane Lili developed in the western Caribbean and moved across Cuba and into the southwest

North Atlantic Ocean. Lili reached Category 3 intensity while under aircraft surveillance south of

Bermuda with central pressure of 960 mb and maximum flight level wind speeds of 110 knots.

A search of NSCAT data showed that Hurricane Lili was an excellent case for analysis and it was

agreed by the team that Oceanweather should proceed to an intensive analysis of the PBL winds in

this storm at the times of Revs 900 (0342 UTC, October 19), Rev 907 (1432 UTC October 19) and

Rev 914 (0314 UTC October 20). The best-documented rev was rev 900 on October 19, 1996

because of the wealth of aircraft data. Figure 3 (a-d) shows the coverage of aircraft data within +/-6

hours of this rev and gives a comparison of the aircraft data and modeled winds for four different

flight level-10 m reduction algorithms. The analysis of NSCAT data in this rev is presented in the

following paper:

Cardone, V.J., A.T. Cox, W. J. Pierson, W. B. Sylvester, W.L. Jones and J. Zec.: NSCAT

Scatterometer High Resolution Wind Fields for Hurricane Lili. IEEE IGARRS'99, Hamburg,

Germany, June 28-July 2, 1999, 1509-1513.

Figure 4 (from this paper) shows the modeled wind field solution and the retrieved winds using a

new Tropical Cyclone Geophysical Model Function (TC-GMF) (Zec and Jones, 1999) and the SARA

algorithm. Figure 5 shows the comparison of the retrieved winds speeds and the model wind speeds

at each SARA cell which passed the rain filter. This comparison confirms the basic properties of the

NSCAT winds with the new model function, namely good wind speed sensitivity up to wind speeds

of at least 20 m/s and a small bias above 25 m/s. Above 25 m/s, the bias in the retrieved wind speeds

is only 0.1 m/s or TC-GMF compared to a bias of-5.32 m/s or NSCAT-lb.
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2.3 North Sea NSCAT vs. Offshore Platform High Wind Speeds

The new model function used for the analyses summarized above was derived from the assumption

that the NSCAT-1 model function is correct in the low to moderate wind speed range and used

aircraft scatterometer data sets at higher wind speeds (up to 35 m/s). Beyond 35 m/s the new 1

function is an extrapolation. An important difficulty is this approach is that the aircraft winds are

reduced to 10 m from flight level using an empirical algorithm. This process introduces an

uncertainty and potential bias in the reference 10 m wind speeds above about 20 m/s. Meanwhile, the

validation of scatterometer winds have generally utilized comparison data sets assembled from data

buoys and research vessels that are generally limited to 10- m neutral wind speeds of 20 m/s or less.

For example, Freilich and Dunbar (1999) found only 184 out of 56,000 NSCAT-buoy collocations

with 10-m buoy winds exceeding 18 m/s and virtually none above 22 m/s. Validation is further

complicated by evidence that buoy wind speeds may be biased low in high sea states. Our evaluation

of the sensitivity and accuracy of scatterometer winds above 20 m/s or so by comparison of winds

from the cyclone PBL model in tropical cyclones is encouraging; however, the lack of high-wind

speed in-situ data sets coincident with NSCAT and QuickScat hampers further refinements of the

backscatter model function.

To ameliorate this lack of in-situ data at very high wind speeds, as part of this research program we

assembled a unique comparison database for NSCAT wind validation at high wind speeds. This data

set utilized winds measured from offshore platforms in the open Northern North Sea and Southern

Norwegian Sea. Of the dozens of platforms which make and report synoptic observations in this

region, we selected only nine platforms at each of which a calibrated anemometer is well exposed at

the top of the drilling derrick (the height range is 86-m to 143-m) and quality-controlled continuous

time average wind samples are archived by and available from European weather centers.

Collocation of the NSCAT 25-km database with the platform database yielded 3663 (2773) matches

for separation distances of 25-km and time offsets up to 1.5 (0.5) hours. Using Liu's reduction to 10-

m equivalent neutral wind, 110 matches are found for wind speeds above 20 m/s and 37 matches for

wind speed above 24 m/s. However, because in some regimes the anemometer may be above the
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surface boundary layer, four different stability-dependent wind profile models were used in the

analysis, including a model that extends the wind profiles into the Ekman layer. The data were

analyzed and reported to the AGU 2000 Spring Meeting, May 30-June 3, 2000, Washington, DC

(Cardone et al., 2000).

The NSCAT-platform winds were compared in terms of scatter plots, regressions on bin-averaged

data and comparisons of wind speed and platform wind speed distributions in terms of quantile-

quantile scatter plots. For a selected set of 58 passes during particularly intense storms, the number

of collocations was greatly expanded (about 10,000 matches) by analyzing the platform data into a

continuous field using the natural neighbor objective analysis system. Figure 6 shows one of these

high-wind speed revs (February 16, 1997, 2100 GMT) and Figure 7 shows the time history of

measured winds at one site (drill-ship "Polar Pioneer"). Average wind speeds up to 45 rrds were

measured at anemometer height of 92 m in this event and were reduced to 10 m using the four

different profile forms noted above. Figure 8 shows the NSCAT (using NSCAT-1 model function)

versus platform wind speeds over all available comparisons (all revs in the mission). The standard

deviation of the difference in wind speeds is only 1.5 m/s but there is a clear low bias in the NSCAT-

1 winds above about 15 m/s. This high wind speed negative bias is also shown in the distributional

comparisons (quantile-quantile plots) given in Figure 9 for the difference profile forms. This pilot

study confirms that North Sea platform data may be used to supplement cyclone aircraft data to refine

the model function at high wind speeds. Unfortunately, the four different profile forms used do not

yield the same 10-m wind speeds for a given stability and anemometer level measurement.

Experiments are underway in Canada to resolve the difference between platform and buoy derived

estimates of the 10-m wind and in the UK to study the flow distortion (if any) contribution to winds

measured from offshore platforms.

During the Northern Hemisphere winter sensed by QuickScat, 1999/2000, a number of very intense

and damaging storms crossed from the North Atlantic Ocean over the North Sea and into NW Europe

and it is therefore possible to produce a data set such as assembled here for validation of QuickScat

and further refinement of the model function.



Appendix A gives copies of key viewgraphs presented the AGU conference. A paper is being

prepared for submission to the next JGR special issue as follows:

Accuracy of Scatterometer Winds Assessed from In-Situ Measured Wind Data Up to 32 m/s

V.J.Cardone, E.A. Ceccacci, A.T. Cox, J. G. Greenwood



3. INVERSE MODELING OF TROPICAL CYCLONE WIND FIELD FROM QUICKSCAT

3.1 Approach

The inverse model developed and tested in this study to diagnose the inner core structure of a tropical

cyclone from scatterometer data utilizes the most recent update of Oceanweather's tropical cyclone

PBL model (Thompson and Cardone, 1996) hereinafter TC96. This model solves the primitive

equations of motion representing the vertically integrated PBL on a nested rectangular grid in a

moving coordinate system centered on the storm. Vertical and lateral friction are included. The model

resolution of the inner core structure on the inner grid nest is 2 km. The model is driven by a

specification of the following parameters (see TC96, p. 202 for a theoretical description of the model

and its initialization):

Vspd, Vdir

V w Dgs

Dp

dpl

Rpl, Rp2

profile

B1, B2

speed and direction of vortex motion

equivalent geostrophic flow of the ambient PBL pressure field

in which the vortex propagates

total storm pressure anomaly

pressure anomaly associated with the first component of

the exponential radial pressure profile

scale radii of the up to two components of the exponential radial pressure

Holland's (1980) profile peakedness parameter for each component

The problem may be posed as follows. Given only scatterometer winds acquired in a pass over the

TC, standard warning center satellite derived Dvorak estimates of intensity (as a first guess) at the

time of the pass, and conventional synoptic data available on the periphery of the circulation, how

may TC96 be used in an "inverse" sense to develop refined estimates of storm intensity (i.e.

maximum sustained eye-wall wind speeds) and size, namely P_I, R_2, ms, Rs0. By inverse modeling,

we mean an objective algorithm that seeks and selects the optimum TC96 forcing variables above,



which whenappliedto TC96,retumasurfacewind field that exhibitsminimum difference,in a least

squaressense,betweenthemodelwindsandthescatterometerwinds. Suchan inversemodeling

procedurehasalreadybeenconstructed(Cardoneet al. 1994)for thecasewhenonly dropsonde

centralpressureandtheradialprofile of theflight levelwind asmeasuredby anaircraftareknown.

Thatproblemis somewhatsimplerthanthescatterometerproblembecausein thescatterometercase

themaximumeye-wallwind speedis notknownif thewind speedis in themodelfunction saturation

range. We assumeherethatraincontaminationandpossiblymodelfunctionsaturationfor themore

intensestormspreventsdirectretrievalof this quantity(it is approximatedby theDvorakestimate),

whereaswhenthereis aircraftreconnaissanceof acyclone,theaircraftalmostalwayspenetratesthe

eye-wallona radiallegandaccuratelymeasurestheflight levelwind in theeye-wall.

Thepreliminaryresultscarriedoutwith theneuralnetalgorithmsummarizedabovesuggeststhat

averagewind speedsup to 25m/smayberoutinely retrievedwith little biasin tropicalcyclones,but

it is notyet clearthatwind speedsabove30m/swill beretrievable.Therefore,wehavedevelopeda

preliminarydesignfor aninversemodelwhichseeksto find solutionsof TC96whichbestmatchthe

azimuthallyaveragedscatterometerwind field in areasof wind speedsof lessthan20m/s(1-hour

averageat 10m,notsustained).This part of the circulation includes the areas of the operationally

significant radius of the 35 knot and 50 knot sustained winds. The inverse model required the

generation of over 30,000 TC96 model solutions covering the following model parameter (single

exponential only) space:

Latitude

Vspd, Vdir

Vgs, Dgs

Dp

B

H

Dif

20 degrees

stationary

stationary

2 to 120 mb in 2 mb increments

5 nm to 120 nm in 4 nm increments

1 to 2.5 in 0.1 increments

500 m (boundary layer depth)

-2 C (air-sea temperature)
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For each solution the following information was saved:

Maximum surface wind

Radius of maximum wind

Azimuthally averaged wind speed in 5 nm bins

Radius (maximum) of 35 knot winds

Radius (maximum) of 50 knot winds

A preliminary working algorithm was applied which matched only scatterometer and model radii of

35 and 50 knot winds but we found a better solution was obtained by matching the entire azimuthally

averaged wind profile over the valid range of wind speeds in an rms sense.

3.2 Application of Inverse Model to Floyd (1999) using QuickScat

3.2.1 General History of Floyd

Floyd was a large and very intense Cape Verde type hurricane that formed on September 7, 1999 in

the eastern North Atlantic and later seriously threatened the southeast US coast triggering evacuations

of millions of people. Floyd attained the high-end of Category 4 status with peak sustained winds of

135 knots east of the Bahamas on September 13, 1999. The system weakened slowly thereafter and

induced immense flooding as it entered North Carolina on September 16 with peak sustained wind

speeds of about 90 knots. Floyd caused 56 deaths and 3-6 billion dollars of property damage in the

United States.

Almost continuous aircraft monitoring of Floyd from September 8 through the 16 _ defined the

position, central pressure, maximum eye-wall wind speed and two-dimensional wind field structure

of the storm. Those data allowed the NOAA AOML Hurricane Research Division to construct 31

"snapshots" between September 9 and 16 of the sustained wind field at 10 m over water using a
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method (Powell et al., 1998) which consists of objective analysis of mainly surface winds

extrapolated from the aircraft flight level winds using empirical reduction factors. Figure 10 for 1330

UTC 13 September gives an example of these wind fields. We have used these snapshots to construct

a time and space continuous representation of the wind field to serve as a basis for the evaluation of

wind fields inverse modeled from the QuickScat data.

3.2.2 Inverse Model Fits

All QuickScat passes over the North Atlantic between September 8 and 16 were downloaded from the

JPL distribution center. It was found that because of the wide swath of QuickScat, at least part of the

storm circulation was viewed at least twice per day, with pass times typically near 00, 09, 12 and 21

UTC. Appendix B shows the coverage of the QuickScat data for each of the 32 data swaths for which

there was data within about 360 nm of the center of the storm. For about half of these passes, the

center of Floyd and its entire inner core circulation are well sampled except, of course, for the gaps

which indicate the rain flag was set (we used the preliminary QuickScat processing for this study, not

the more recently reprocessed data which only became available during summer of 2000).

The QuickScat data were azimuthally averaged within 360 nm of the center in 5 nm bins (we used

the official fix, though in a case without aircraft data, satellite images or the sophisticated processing

of the scatterometer data developed at UCF may be used to infer a center). Since we are using

standard processed QuickScat data that uses essentially the old NSCAT-1 model function there is the

possibility of attenuation/saturation of the winds speeds above 20 m/s. Only QuickScat bins with

azimuthally averaged wind speed less than 20 m/s were used as a conservative way to omit

QuickScat data which might have saturated. Also, passes for which no data were retrieved within

150 nm of the center were discarded. Only 7 of the passes were discarded for this reason.

As noted above, the simple inverse model developed involves matching the azimuthally averaged

QuickScat radial wind speed profile with precomputed TC96 model azimuthally averaged radial wind

speed profiles in a least squares minimization sense given only the location of the center and the



equivalentDvorakestimateof eye-pressure.Figure11showsthebestmatchnear0000September

I 0,earlyin the life of Floydwhenwind speedsevennearthecenterwerelessthan20m/s (hourly

average).Theprofile radiusandshapeparametersselectedareindicatedon thisplot. Figure 12is an

examplematchnear2100UTC September11.In this caseeventhoughtheazimuthallyaveraged

QuickScatwindsgreaterthan20m/swerenotused,thebest-matchedprofile givesazimuthally

averagepeakwindsof about29m/sat aradiusof maximumwind (Rmx)of about35nm.

Interestingly,theQuickScatdatain thevicinity of Rmx alsoaverageto about30m/s. However,the

casefor Floydnearpeakintensityshownin Figure 13indicatesthat the inversemodelprovides

maximumazimuthallyaveragewind speedsof 47m/swhile theQuickScatwind speedsthereaverage

only to about30m/s. In fact, it wouldappearthatwithin 120nmtheof thecenter,theQuickScat

winds in thispassarebiasedlow but thereis sufficientinformationin theprofile outsidethatradiusto

allow theinversemodelto recoverthe inner-corestructure.All of the inversemodelfits developed

areincludedin AppendixB.

Eachof the inversemodelfits providesthecritical model"snapshot"profile parameters.Tothese

mustaddedthestormmotionvector(takenfrom thepasttrack)andthebackgroundpressurefield

(takenfrom standardlargescaleNOAA NWP fields). ThentheTC96modelis solvedfor each

snapshotof theactualwind fieldsandthesesnapshotsareinterpolatedto aregulargrid of spacingof

0.125degreeandto 30-minutetime intervalsusingOWI's standardsoftwarefor thispurpose.

3.2.3Comparison of Inverse Model Wind Fields and QuiekScat Winds

The snapshots wind fields corresponding to each QuickScat pass may be compared to the individual

QuickScat retrieved winds. This direct comparison is shown in Figure 14 for all snapshots recovered.

As expected, the higher QuickScat winds are lower than the model winds. Over these 13,502

comparisons, the mean difference (Quickscat inverse model field - QuickScat individual retrievals) is

0.81 m/s and the standard deviation of the difference is 3.63 rn/s and much of this scatter arises in

data pairs above 20 m/s in which range the QuickScat data are biased and relatively inaccurate.
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3.2.4 Comparison of Inverse Model Wind Fields and HRD Wind Fields

While the HRD winds do not constitute an absolute standard for verification, they do provide a

measure of the success of our inverse model to utilize QuickScat data to diagnose the complete two-

dimensional surface wind field in a severe tropical cyclone. Comparisons of HRD derived wind

fields and inverse model wind fields are presented at the times of the 24 HRD snapshots in Appendix

C between September 11 and September 16. Each wind is shown as a vector and wind speed

differences are color-coded. The statistical differences between the HRD and inverse model winds

speeds and directions over the domains shown and for the times shown in Appendix C are given in

Table 1. There are generally between 6000 and 7000 grid point comparisons for each snapshot. For

example, near the peak of the storm on September 13 there are four snapshot comparisons at around

00UTC, 13UTC, 19UTC and 22 UTC. The mean differences in wind speed (Inverse model-HRD)

are 3.23 m/s, -.2.31 m/s, 0.61 m/s and 1.00 m/s respectively. The standard deviations of the wind

speed differences are: 2.34 m/s, 4.38 m/s, 2.70 m/s and 2.57 m/s while the correlation coefficients for

wind speed are .94, .80, .91, and .92. The mean wind direction differences are -.75 deg, -3.29 deg, -

8.36, -11.42. These differences are in the sense that there is more inflow in the model winds than in

the reduced aircraft winds and this may well reflect insufficient turning of the aircraft winds toward

the surface in the HRD analyses. Over all snapshots, the differences are:

Wind speed bias (QuickScat inverse model-HRD)

Wind speed difference standard deviation

Wind speed scatter index

Wind speed correlation coefficient

Wind direction mean difference

Wind direction difference standard deviation

2.79 m/s

2.63 m/s

.17

.92

-5.6 degrees

16. Degrees

These statistics indicate a close statistical match between the QuickScat derived inverse model winds

and the HRD aircraft derived winds. The difference plots of Appendix C indicate that the wind

differences within a given snapshot display occasionally large spatially coherent differences, and
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thesemayarisefrom anumberof causesincluding: (1) failureof theTC96modelto simulatesmaller

scalespiralbandswhichareindeedsensedby theaircraft;(2)HRD wind errorsin stormquadrants

whichmightnothavebeenprobedby theaircraft in thecompositeof datausedfor a givensnapshot;

(3) slightpositioningdifferencesof wind field featureswhichhavebeenqualitativelywell modeled

in both field. Whatis encouraging,however,is thatthecoherentspatialdifferencesappearnot to

havemuchcoherencyin time from snapshotto snapshot,suggestingthat sucherrorswill have

minimal impactonoceanresponsemodelsforcedby theQuickScatwinds.
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4. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH

We may now restate the specific problems addressed and summarize the results achieved.

Demonstrate that high-resolution scatterometer measurements over tropical storms and other

high-marine surface wind regimes when processed through an appropriate geophysical model

function possess sufficient accuracy and dynamic range to be useful indicators of cyclone

intensity and surface wind structure.

The analysis of NSCAT data sets in Typhoon Violet and Hurricane Lily have demonstrated that

accurate scatterometer measurements of surface wind are possible even near the inner core of intense

tropical cyclones for wind speeds up to about 35 m/s, but this dynamic range requires a geophysical

model function different in its tuning at high winds than used operationally for NSCAT and

QuickScat, and a spatial adaptive retrieval algorithm which utilizes the fact that the vector wind

direction is so tightly constrained in the inner core of mature tropical cyclones that wind direction can

be assumed to be prescribed accurately independently of the remote sensing data and utilized to

resolve surface winds at the highest spatial resolution allowed by the scatterometer cell footprint. The

filtering of rain-contaminated cells remains a daunting problem but the UCF goodness of fit

algorithm used in this study allows useful high wind retrievals even near the cyclone center.

However, operational NSCAT and QuickScat winds remain biased low at wind speeds above about

20 m/s and we recommend additional studies to develop a more accurate model function at high wind

speeds. A pilot study using North Sea platforms to validate NSCAT data during the winter 1996/97

suggests that such data may be used to refine the QuickScat model function.

Develop a method which utilizes the high resolution scatterometer (from NSCAT and is successor

QuickScat) data acquired in a single pass over a tropical cyclone (TC) in a consistent way to

diagnose the surface wind field in the inner core and far-field.

- 17



Thecouplingof ahighly tunedandprovendynamicalmodelof thecyclonePBL (TC96)with the

operationalQuickScatdatahasledto aninversemodelwhichrecoversasnapshotof theasymmetric

surfacewind field from aQuickScatpassoveracycloneprovidedthecirculationwithin 150km of

the centeris includedin theswath.Thewind field includingtheeyewallregion is recoveredwith

wind speedbiasandscatterof about2.5m/sandwind directionbiasandscatterof about5 Degrees

and 15Degreesrespectively,all relativeto a referencewind field snapshotderivedobjectivelyfrom

copiousaircraft flight levelwindsreducedto 10m..The wind field allows accurate recovery of the

storm intensity and size parameters routinely used by warning centers including maximum sustained

surface wind, Vmx , and radii of 35 and 50 knots sustained winds, R35 and Rs0. In addition to the

QuickScat data, the method requires knowledge of the position of eye of the storm, and an accurate

Dvorak type estimate of intensity from which may be specified an estimate of eye pressure. We

suggest that reprocessing of QuickScat with the improved model function developed at UCF will

yield an even greater dynamic wind speed range and even more accurate inverse model parameters.

We recommend the analysis of additional tropical cyclones after the improved model function is

implemented.

Utilize scatterometer data acquired in a succession of passes over a TC in a consistent way to

specify the complete time and space evolution of the surface wind field over the sea suitable to

drive ocean response and wind damage loss models thereby improving predictions of hazards to

life and property from extreme winds, storm surge and coastal surf.

It has been demonstrated through our Hurricane Floyd case study that QuickScat data may be used to

inverse model the complete life-cycle of the surface wind field in a typical very intense North

Atlantic hurricane. We recommend study of additional cases of this type, including application of the

derived wind fields to force ocean response models for surface waves, continental shelf currents and

coastal storm surge and validation of the ocean response predictions against measurements.

This study represents an important first step toward the operational implementation of the analysis

methods developed in this study. The operational aspects of this work are being continued under a



majorteamprograminitiatedin 1999undertheNavyOceanPartnershipProgram(NOPP)entitled:

"RealTimeForecastingof Winds,Waves,andSurgesin TropicalCyclones". Theprogramincludes

theendorsementandparticipationof theNOAA TropicalPredictionCenterandtheNOAA/AOML

HurricaneResearchDivision. Theearlyresultsof this programareto be reportedin apaperin

preparationfor theAMS AnnualMeeting,January2001.
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Table 1. Differences in Hurricane Floyd (1999) between OWI 10 m average wind fields inverse

modeled from QuickScat and NOAA HRD 10 m average wind fields derived from aircraft data.

QuickScat derived wind fields are interpolated in space and time to the grid and times of the

24 available HRD snapshots.

Grid Number Mean Mman Di[f _MZ Stnd _cat Corr

_taLioll Puillt o[ P1s Mea_ IlIIld Ill-M) Ettu_ Dev i11de_ Ratiu _ue_f

ILii_dc_ Period _ L_U_11UL LU L_U_bilU_

Wind Spd_ _mi_l combined 0 7055 16_30 17_02 0_72 2_33 2_22 0_14 0_60 0_88

Wind Dlr. [deg) C0mDined 0 7055 83.01 60.38 -7.83 N/A 9.51 0.03 _I/A N/A

Hindcast Period : 1999091113 to 1999091113

Wind Spd. (m/s) Co_ined 0 7055 16.99 50.44 3.44 4.15 2.31 0.14 0.96 0.93

Wind Dir. (deg) Combined 0 7055 73.47 57.02 -_.03 N/A 9.88 0.03 N/A N/A

Hindcast Period : 1999091119 to 1999091119

Wind Spd. [m/s) Co_ined 0 7055 10.89 13.94 2.94 3.64 2.14 0.19 0.89 0.91

Wind Dir. (degl Combined 0 7055 102.86 90.15 -20.49 N/A 12.35 0.03 N/A N/A

Hindcast Period : 1999091201 to 1999091201

Wind Spd. (m/s) Co_%bined 0 6723 13.51 14.72 1.21 2.13 1.75 0.13 0.77 0.94

Wind Pit. (deg) Combined 0 6723 76.97 92.95 -7.99 N/A 13.44 0.04 N/A N/A

Hindcast Period : 1999091213 to 1999091213

Wind Spd. (m/s) Combined 0 6723 20.60 23.48 2.88 3.67 2.28 0.11 0.88 0.89

Wind Dir. (deg) Combined 0 6723 77.56 60.87 -14.16 N/A 8.24 0.02 N/A N/A

Hindcast Period : 1999091219 to 1999091219

Wind Spd. Cm/s) Co_Ebined 0 7055 12.94 16.02 3.08 3.77 2.18 0.17 0.96 0.94

Wind 01r. [deg) Combined 0 7055 90.67 92.83 1.75 N/A 11.96 0.03 N/A N/A

Hindcast Period : 1899091300 to 1999091300

wind $pd. (m/s) Combined 0 6889 13.18 16.41 3.29 3.98 2.34 0.18 0.97 0.94

Wind Dir. (deg) Combined 0 6889 97.05 102.55 -0.75 N/A ii.97 0.03 N/A N/A

Hindcast Period : 1999091313 to 1999091313

Wind Spd. (m/s) Combined 0 7055 18.23 15.91 -2.31 4.96 4.38 0.24 0.23 0.80

Wind Diz. (deg) combined 0 7055 76.77 99.62 -3.29 N/A 13.49 0.04 N/A N/A

Hindcast Period : 1999091319 to 1999091319

Wind Spd. (m/s) Combined 0 7055 16.04 16.64 0.61 2.77 2.70 0.17 0.56 0.91

Wind Dir. (deg) Combined 0 7055 69.07 99.22 -8.36 N/A 11.54 0.03 N/A N/A

Hindcast Period : 1999091322 to 1999091322

Wind Spd. (m/s) Combined 0 6723 16.13 17.13 1.00 2.76 2.57 0.16 0.76 0.92

Wind Dir. (deg) Combined 0 6723 78.45 97.86 -11.42 N/A 11.30 0.03 N/A N/A

Hindcast Period : 1999091401 to 1999091401

Wind Spd. (m/s) Co_ined 0 7055 14.49 16.88 2.40 3.18 2.09 0.14 0.87 0.96

Wind Dir. [deg) Combined 0 7055 51.84 95.18 -0.61 N/A 15.91 0.04 N/A N/A

Hindcast Period : 1999091416 to 1999091416

Wind Spd. (m/s) Combined 0 7055 15.58 18.38 2.80 3.57 2.21 0.14 0.91 0.95

Wind Dir. (deg) Co_nbined 0 7055 95.46 86.99 -11.83 N/A 11.94 0.03 N/A N/A

Hindcast Period : 1999091419 to 1999091419

Wind Spd. [m/s) Combined 0 7055 14.88 18.58 3.70 4.27 2.14 0.14 0.96 0.95

Wind Dir. [deg) Cor_ined 0 7055 97.02 85.65 -10.20 N/A 10.69 0.03 N/A N/A

Hindcast Period : 1999091501 to 1999091501

Wind Spd. (m/s) Combined 0 7055 14.46 19.08 4.62 5.28 2.57 0.18 0.98 0.93

Wind Dir. (deg) Combined 0 7055 82.92 81.90 -9.10 N/A 12.47 0.03 N/A N/A

Hindcast Period : 1999091504 to 1998091504

Wind Spd. (m/s) Coa_Dined 0 7055 14.88 18.95 4.0_ 4.80 2.55 0.17 0.98 0.93

Wlnd Dir. (de 9) Combined 0 7055 49.03 77.17 -4.82 N/A 18.76 0.85 N/A N/A

Hindcast Period : 1999091507 to 1999091507

Wind Spd. (m/s) Combined 0 6640 15.68 19.39 3.72 4.16 1.88 0.12 0.98 0.96

Wind Dir. (deg) CoraDined 0 6640 73.40 99.80 -7.39 N/A 17.12 0.05 N/A N/A

Hindcast Period : 1999091510 to 1999091510

Wind Spd. (m/s) Cc_ined 0 6308 15.81 19.62 3.82 4.67 2.69 0.17 0.96 0.92

Wind Dir. (deg) Combined 0 6308 96.29 101.17 -6.12 N/A 16.13 0.04 N/A N/A

Hindcast Period : 1999091513 to 1999091513

Wind Spd. (m/s) Combined 0 6225 16.19 19.58 3.40 4.12 2.33 0.14 0.92 0.94

Wind Dir. (deg) Confined 0 6225 90.86 104.19 0.42 N/A 18.74 0.05 N/A N/A

Hindcas_ Period : 1999091516 to 1999091516

Wind Spd. Im/s) Combined 0 6225 18.50 19.59 1.08 3.80 3.64 0.20 0.61 0.B4

Wind Dir. (deg) Combined 0 6225 172.97 113.17 -8.56 N/A 20.77 0.06 N/A N/A

Hlndcast Period : 1999091519 to 1999091519

Wind Spd. (m/s) Combined 0 5976 15.47 19.73 4.26 4.95 2.52 0.16 0.94 0.92

Wind Dir. (deg) Combined 0 5976 135.74 112.81 -0.80 N/A 20.61 0.06 N/A N/A

Hindcast Period : 1999091522 to 1999091522

Wind Spd. (m/s] Combined 0 6225 15.78 19.32 3.53 4.53 2.83 0.18 0.89 0.90

Wind Di!_[deg]._Co_zbined 0 6225 135.52 106.76 -4.89 N/A 17.58 0.05 N/A N/A

Hindcast Period : 1999091601 to 1999091601

Wind Spd. (m/s) Co,_bined 0 6640 14.54 19.84 5.30 6.34 3.47 0.24 0.98 0.89

Wind Dir. {deg) Combined 0 6640 114.15 98.00 -0.18 N/A 19.33 0.05 N/A N/A

Hindcas£ Period : 1999091604 to 1999091604

Wind Spd. (m/s) Combined 0 6806 14.07 17.90 3.83 4.90 2.89 0.21 0.94 0.91

Wind Dir. (deg) Combined 0 6806 155.29 95.88 4.42 N/A 28.09 0.08 N/A N/A

Hindcast Period : 1999091607 to 1999091607

Wind Spd. (m/s) Co_%bined 0 6723 14.00 17.76 3.77 4.81 2.98 0.21 0.97 0.90

Wind Dir. (deg) Co_bined 0 6723 205.67 94.06 5.35 N/A 32.24 0.09 N/A N/A
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A TTENTION: HURRICANE SPECIALISTS

Hurricane Floyd 1330 UTC 13 Sept.1999
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Appendix A. Abstract and key slidesof AGU Spring Meeting, 2000Paper:

Accuracy of ScatterometerWinds Assessedfrom In-Situ MeasuredWind Data up to 32 m/s



Accuracy of Scatterometer Winds Assessed from In-Situ Measured Wind Data Up to 32 m/s

V.J.Cardone, E.A. Ceccacci, A.T. Cox, J. G. Greenwood (Oceanweather Inc., Cos Cob, CT 06807, (203-
661-3091) oceanwx@oceanweather.com,

Evaluations of the accuracy of scatterometer winds have generally utilized comparison data sets assembled
from data buoys and research vessels that are generally limited to 10- m neutral wind speeds of 20 m/s or
less. For example, Freilich and Dunbar (1999) found only 184 out of 56,000 NSCAT-buoy collocations with
10-m buoy winds exceeding 18 m/s and virtually none above 22 m/s. Validation is further complicated by
evidence that buoy wind speeds may be biased low in high sea states. The scant evidence of the sensitivity
and accuracy of scatterometer winds above 20 rn/s or so has been provided to date only by comparison of
winds from NWP systems or model generated wind fields in tropical cyclones. This lack of high-wind speed
validation hampers scientific applications of existing data sets from NSCAT and QuickScat and further
refinements of the backscatter model function.

We have assembled a unique comparison data base for NSCAT wind validation at high wind speeds, utilizing
winds measured from offshore platforms in the open Northem North Sea and Southern Norwegian Seas. Of
the dozens of platforms which make and report synoptic observations in this region, we selected only nine
platforms at which a calibrated anemometer is well exposed at the top of the drilling derrick (the height range
is 86-m to 143-m) and quality-controlled continuous time average wind samples are archived by and available
from European centers. Collocation of the NSCAT 25-km database with the platform database yielded 3663
(2773) matches for separation distances of 25-km and time offsets up to 1.5 (0.5) hours. Using Liu's
reduction to 10-m equivalent neutral wind, 110 matches are found for wind speeds above 20 m/s and 37
matches for wind speed above 24 m/s. However, because in some regimes the anemometer may be above
the surface boundary layer, four different stability-dependent wind profile models were used in the analysis.
The data are analyzed and will be reported in terms of scatter plots, regressions on bin-averaged data and
comparisons of wind speed and platform wind speed distributions in terms of quantile-quantile scatter plots.

For a selected set of 58 passes during particularly intense storms, the number of collocations is greatly
expanded (about 10,000 matches) by analyzing the platform data into a continuous field using the natural
neighbor objective analysis system. These comparisons are reported as well. A similar analysis is planned
using the reprocessed QuickScat following assembly of the platform data for the 99/00 winter.



• v.-._

_D

_D

©

c_

c_

©

P_

<

_D

r_

©

r._

r_

<

r._

©
(,.,1 _. _



Q • •





Platform Locations and Anemometer Heights
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FRIGG vs. NSCAT COLLOCATED 9609-9706
Using WindBrown
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Collocated NSCAT/North Sea Platforms l0 m Wind Speed Plots

Binned on 1 m/s Platform Winds
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Appendix B. QuickScat data coverage of Hurricane Floyd (1999) and best fits of inverse model

parameters to azimuthally averaged wind speed (average wind speed at 10 m)
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Appendix C. Comparison of OWl winds from inverse model and HRD snapshot wind fields at

time of HRD snapshots. Color contours of wind speed differences
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Appendix D. Abstract of paper to 2001 AMS Annual meeting:

Real Time Forecasting system of Winds, Waves and Surge in Tropical Cyclones: A Case Study

with Hurricane Georges.



Real-Time Forecasting System of Winds,

Waves and Surge in Tropical Cyclones:
A Case Study with Hurricane Georges

Hans C. Graber, Mark A. Donelan and Michael G. Brown

Rosenstiel School of Marine and Atmospheric Science

University of Miami

Peter G. Black, Mark D. Powell and Sam H. Houston
NOAA/AOML Hurricane Research Division

Vincent J. Cardone, and Andrew T. Cox

Oceanweather, Inc.

Robert E. Jensen

US Army Corps of Engineers
Donald N. Slinn

Flodda Atlantic University
John L. Guiney,

National Hurricane Center

Christopher Paluszek

Sun Microsystems, Inc.

The long-term goal of this partnership is to establish an operational forecasting system of winds,
waves and surge impacting the coastline during the approach and landfall of tropical cyclones.
The results of this forecasting system would provide real-time information to the National
Hurricane Center during the tropical cyclone season in the Atlantic for establishing improved
advisories for the general public and federal agencies including military and civil emergency
response teams. As more people and societal infrastructure concentrate along coastal areas, the
United States is becoming more vulnerable to the impact of tropical cyclones. Furthermore, it is
not surprising that hurricanes are the costliest natural disasters because of the changes in the
population and the national wealth density or revenue. A better understanding of both hurricane
frequencies and intensities as they vary from year to year and their relation to changes in
damages is of great interest to scientists, public and private decision makers and the general
public.

The estimation of tropical cyclone-generated waves and surge in the coastal waters and
nearshore zone is of critical importance to the timely evacuation of coastal residents, and the
assessment of damage to coastal property in the event that a storm makes landfall. The model
predictions of waves and storm surge in coastal waters are functionally related and both depend
on the reliability of the atmospheric forcing. Hurricane Georges is an excellent example of an
intense tropical cyclone with numerous landfalls and unexpected changes in intensity and
movement. Results of real-time forecasting simulations for Hurricane Georges will be presented
as the storm segment moved over the Florida Straits and then entered the Gulf of Mexico. As it
approached the coast of the central Gulf of Mexico it gradually slowed. Georges made its final
landfall near Biloxi, Mississippi early on 28 September with 105 mph winds. Results will include
both the predicted wave heights and surge-induced water levels along the Mississippi/Alabama
coastline prior and during landfall of Georges. We will also show the variability of these
parameters for different forecasted tracks and how such information would impact the advisories.
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